INTRODUCTION
The potential health risk of exposure to extremely low-frequency (ELF) magnetic fields has received considerable attention in recent years, mainly due to the ubiquitous presence of electricity and electrical appliances in the home and workplace, and some findings suggest the occurrence of adverse health effects (1, 2) .
ELF magnetic fields cover the frequency range of 3 Hz-3 kHz; the most intensively studied frequency is 50/60Hz. Non-ionizing electromagnetic fields (EMFs) and in particular the ELF magnetic field are able to affect many biological functions (3) (4) (5) (6) , but current data do not provide a satisfactory explanation for these effects because of the great diversity of specialized biological models and applications studied and the limited information concerning the underlying mechanisms of interaction.
The guidelines for occupational exposure to powerfrequency magnetic fields at 50 Hz are (1) 0.5 mT for the International Committee on Non-ionizing Radiation Protection (ICNIRP) (7) and for the International Radiation Protection Association (IRPA) (8), (2) 0.1 mT for exposures to the general public, (3) 1 mT for the American Conference of Governmental Industrial Hygienists (ACGI), and (4) 0.5 mT for the World Health Organization's International Agency for Research on Cancer (1) . While many studies have demonstrated that ELF sinusoidal 50/60 Hz magnetic fields may have harmful effects on human health, other reports have provided inconsistent evidence to support the presence of health hazards due to exposure to EMFs (9) (10) (11) (12) (13) (14) . Medium-intensity static magnetic fields ranging from 1-1000 mT have been shown to influence a wide variety of biological systems. Knowledge of the effects of static magnetic fields is important for human health. It has been reported that exposure to middle-level static magnetic fields affects the morphology, differentiation and/or proliferation of several cell types (15) (16) (17) (18) .
In our previous paper (11), we showed that magnetic fields can influence some cellular functions, but these alterations are reversible after 48 h of in vitro cell culture. In particular, magnetic fields produce a reversible effect on cell proliferation, IFN-c production/release and cytosolic free calcium concentration. In the present study we evaluated the effects of a 0.5 mT 50 Hz magnetic field and static magnetic field on subsets of human CD4 z T cells with differing expression of CD45RA. Several isoforms of the CD45 protein exist, including CD45RA and CD45RO. These molecules are involved in various aspects of lymphocyte activation. CD45RA is expressed on naïve T cells, while T cells that have previously encountered this antigen express CD45RO. The number of CD45RO z cells increases with age, and approximately 45% of the T-cell population expresses this isoform. In the present study we investigated the effects of 50 Hz magnetic fields and static magnetic fields on the different subsets of CD4 z T cells in terms of the release/content of IFN-c, cell proliferation and modification of intracellular cytosolic free calcium content to identify the subsets the were more sensitive to the effects of magnetic fields.
MATERIALS AND METHODS

Subjects
Blood samples were obtained from eight healthy volunteers (four females and four males) with a mean age of 30 ± 3 years (age range 27-33 years); informed consent was obtained from all participants. The analyses were done blindly by two independent research groups.
The internal committee of the Department of Biopathology, Palermo, oversaw the procedures for the collection of the blood samples from 10 ml of heparinized peripheral blood that were used for the generation of anonymized CD4 T-cell lines.
CD4 z T-cell lines were generated from peripheral blood mononuclear cells (PBMC) isolated from heparinized blood by centrifugation on Ficoll-Hypaque (Pharmacia, Uppsala, Sweden). Cells were maintained in RPMI-1640 culture medium (Gibco, Grand Island, NY) supplemented with 10% heat-inactivated pooled human AB z serum, 2 mM L-glutamine, 20 mM Hepes, 100 U/ml penicillin, 100 mg/ml streptomycin, 5 3 10 25 M 2-mercaptoethanol, and 20 IU/ ml rIL-2, hereafter referred to as IL-2-supplemented culture medium. CD4 z T lymphocytes were sorted by immunomagnetic beads using an anti-CD4 specific monoclonal antibody (mAb) and were then expanded in vitro in IL-2-supplemented culture medium supplemented with purified PHA (Leucoagglutinin, 0.5 mg/ml, Sigma, St. Louis, MO) and irradiated (30 Gy from a cesium source) allogeneic feeder cells (PBL and Epstein Barr Virus B cells at a ratio of 10/1). Cells were maintained for 2 weeks without any stimulation before functional analysis. The purity of the CD4 z T cells was assessed by two-color flow cytometry. PE-conjugated anti-CD3 mAb was used with FITCconjugated anti-CD4 mAb (both from Becton Dickinson, San Jose, CA). The cells were analyzed using a FACSCalibur flow cytometer (Becton Dickinson, Mountain View, CA). This T-cell procedure induces expansion of virtually all CD4 z T cells and does not introduce any bias in the T-cell repertoire (19) .
Cells were split in two groups of samples, one to be exposed to the magnetic fields and the other to serve as a control to be kept under isothermal conditions for the whole time of the experiment. The experiments were carried out in triplicate for each sample and were repeated four times.
Terms and Conditions of Exposure
Each set of samples included subsets of human CD4 z T cells. Sham-exposed cells were maintained at 37uC while treated cells were exposed and were maintained under the same conditions as the exposed cells after their exposure to the magnetic fields.
The exposures to the 0.5 mT EMF were performed inside a double cylindrical coil (50 cm and 15 cm inner diameter). The electric current intensity in the coils ranged between 0 and 8 A and the measured magnetic-field values were between 0 and 7.5 mT. A gaussmeter with an axial Hall effect probe was used to measure the magnetic-field distribution at various points across the solenoid. The overall uncertainty of measurement was 2%. The field inside the exposure area showed about 3% homogeneity.
The 0.5 mT static magnetic field was generated by double magnet (35 cm and 10 cm inner diameter). The direct current (d.c.) intensity ranged between 0 and 6 A and the measured magnetic field values were respectively between 0 and 10 mT. The field inside the exposition area showed about 5% in homogeneity.
The temperature was maintained at 37 ± 0.5uC by a water circulation system connected to a Circulator Haake DC10 temperature regulator (Thermo Fisher Scientific, Karlsruhe, Germany) equipped with connector for external circulation.
All the exposed samples were maintained in the magnetic fields for 2 h; after exposure, the samples were maintained at 37uC and then sent to the laboratory for immunological tests.
Immunomagnetic Separation of Exposed and Sham-Exposed Cells
Sham-exposed and exposed cells were sorted by negative selection with immunomagnetic beads using anti-CD45RA and anti-CD45RO specific monoclonal antibodies (mAbs) according to the Miltenyi Biotec protocol. Briefly, after 2 h of exposure, sham-exposed and exposed cells were incubated with the antibodies for 15 min at 4uC. After incubation, the cells were washed with buffer (0.5% PBS/BSA and 2 mM EDTA, pH 7.2) and resuspended in 80 ml of buffer. Then the cells were incubated with 20 ml of goat anti-mouse IgG beads for 15 min at 4uC. After incubation, the cell suspension was placed on top of the column separation (MS Miltenyi), the buffer (1 ml) was added three times, and the negative fraction was collected. The negative fraction, represented by cells without magnetic beads, was washed, resuspended in buffer, and checked by flow cytometry, and used for further experiments.
Determination of IFN-c
Exposed and sham-exposed cells (2 3 10 6 /ml) were cultured in 24-well plates in 1 ml of complete medium in the presence or absence of PHA (0.5 mg/ml) for 24 and 48 h. The PHA was used as polyclonal mitogen that interacts with the T-cell receptor (TCR) or accessory surface structures (indirect TCR crosslinking) used to evaluate the functional activity of T lymphocytes.
The supernatants were harvested and stored at 270uC until they were tested for cytokines; the cytokine levels were determined using an immunoenzymatic method. The supernatants of cells exposed to 50 Hz magnetic fields were analyzed with an enzyme-linked immunosorbent assay (ELISA) performed with a reagent set human IFN-c (Euroclone, Devon, UK). The limit detection range was from 12.5 pg/ml to 400 pg/ml for IFN-c concentration; instead the supernatants of cells exposed to static magnetic fields were analyzed with reagent set human IFN-c (R&D Systems, UK). The limit detection range was from 12.5 pg/ml to 1000 pg/ml for IFN-c concentration. All tests were performed according to the manufacturer's instructions.
Intracellular FACS Analysis
Cells were exposed to magnetic fields as described. The cells were stained with PECy.5-labeled anti-CD45RA antibody; then they were washed twice in PBS with 1% FCS and fixed with PBS with 4% paraformaldehyde for 30 min at 4uC. Fixation was followed by permeabilization with PBS with 1% FCS, 0. 3% saponin and 0.1% Na-azide for 15 min at 4uC. Alternatively, staining for intracellular antigen was performed by incubating fixed permeabilized cells with FITC-labeled anti-Ki67 antibody and/or with PE-labeled anti-IFN-c antibody (Becton Dickinson). After two more washes in PBS with 1% FCS, the cells were analyzed by flow cytometry. Viable lymphocytes were gated by forward and side scatter, and analysis was performed on 100,000 acquired events for each sample. Intracellular staining was also used to evaluate the cytosolic free calcium at the single-cell level in both exposed and sham-exposed cell samples after exposure to the 50 Hz magnetic fields and static magnetic fields. Cells were harvested and fixed with 4% (w/v) paraformaldehyde in PBS for 10 min at room temperature. Fixed cells were suspended and washed twice with a
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+ T CELLS permeabilization buffer containing 0.1% saponin (Sigma-Aldrich, Milano, Italy), 1% heat-inactivated FCS, and 0.1% NaN 3 in PBS. The cells were then incubated in the presence of a permeabilization buffer with FITC-conjugated Calcein (Sigma-Aldrich, Milano, Italy) for 1 h at room temperature. After two more washes in PBS with 1% FCS, the cells were analyzed by flow cytometry. Viable lymphocytes were gated by forward and side scatter, and analysis was performed on 100,000 acquired events for each sample. The calcium concentration was monitored by single-excitation flow cytometry. The fluorescence was recorded at 490 nm excitation and 520 nm emission.
Statistics
The IFN-c concentration was expressed as pg/ml and reported as means ± SD.
The proliferation index was expressed as a percentage of Ki-67-positive cells, and statistical evaluation of the data was performed using the stimulation index (median and 25th and 75th percentiles). The FACS analysis of intracellular IFN-c was expressed as the percentage of positive cells, median and 25th and 75th percentiles.
Statistical evaluation of the experimental data was performed with a two-tailed Student's t test on paired samples with P , 0.05 as the minimum level of significance.
The calcein was expressed as mean fluorescence intensity (MFI) and reported as mean ± SD.
RESULTS
Release of IFN-c from CD4
z CD45RA 2 T and CD4 z CD45RA z Cells Exposed to 0.
mT Static Magnetic Fields
We examined the sensitivities of CD4 z T-cell subsets to 0.5 mT in the different CD4 z T-cell lines used for the experiments. Table 1 shows the absolute values in pg/ml of IFN-c release from CD4 z CD45RA 2 T-cell subsets and CD4 z CD45RA z T-cell subsets exposed or shamexposed to 0.5 mT static magnetic fields after 24 h of in vitro culture. A significant difference in the IFN-c values was found only for the exposed CD4 z T cells stimulated with PHA compared to sham-exposed cells. The difference in the release of IFN-c after 24 h was significant for the CD4 z
CD45RA
2 T-cell subset exposed to the static magnetic fields compared to the sham-exposed cells, while no significant difference in IFN-c release was found between exposed and nonexposed CD4 z CD45RA z T cells. Similar results were found in cells exposed to 50 Hz magnetic fields, which showed a 25% inhibition of IFN-c release (data not shown). It is evident that CD4 z CD45RA 2 T cells are more sensitive to static magnetic fields in terms of IFN-c release.
Release of IFN-c from CD4
z CD45RA 2 T and CD4 z CD45RA z T Cells Exposed to 0.5 mT 50 Hz Magnetic Fields Figure 1 shows a comparison between the levels of IFN-c released from CD4 z , CD4 z CD45RA 2 and CD4 z CD45RA z T cells exposed to the 0.5 mT 50 Hz magnetic fields and their respective sham-exposed controls after 24 h of in vitro culture.
The amount of IFN-c in CD4 z cells cultured in complete medium was produced in equal part by the CD4 z CD45RA 2 and CD4 z CD45RA z subsets in sham-exposed and exposed cells, and exposed CD4 z cells showed a small decrease in IFN-c production (14%) compared to sham-exposed cells.
In cells stimulated with PHA, the amount of IFN-c in CD4
z T cells was produced almost exclusively by the b Results are expressed as mean pg/ml ± SD for eight samples.
FIG. 1. IFN-c release from CD4
z , CD4 z CD45RA 2 and CD4 z CD45RA z T cells, sham-exposed or exposed for 2 h to 0.5 mT 50 Hz magnetic fields and stimulated or not with PHA after 24 h of cell culture in complete medium. Data are expressed as the percentage of release of exposed cells compared to controls. * P , 0.05. No. of samples: 8.
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CD4
z CD45RA 2 subset; the CD4 z CD45RA z subset produced only a small amount of IFN-c. In exposed CD4
z T cells stimulated with PHA, the amount of IFNc in the supernatants decreased by 25% compared to sham-exposed cells. In CD4 z
CD45RA
2 T cells stimulated with PHA, the amount of IFN-c in the supernatants decreased 21% in exposed cells compared to shamexposed cells; no significant difference in IFN-c release was observed in CD4 z CD45RA z T cells stimulated with PHA.
The results clearly indicate that the CD4 z CD45RA To determine whether the magnetic fields effect on IFN-c release was dependent on a minor production of this cytokine, the percentage of IFN-c-positive cells in exposed and sham-exposed cells stimulated or not with PHA was evaluated by flow cytometry. The results are shown in Table 2 .
After the 50 Hz magnetic-field exposure, a significant difference in the percentage of IFN-cz CD4 z T cells was observed only in the exposed CD4 z CD4RA 2 subset stimulated with PHA (Table 2) .
After 48 h of culture, the percentages of intracellular IFN-cz CD4 z CD45RA 2 and CD4 z CD45RA z T cells in exposed or sham-exposed samples stimulated or not with PHA were not significantly different (data not shown).
The experiment was repeated, exposing the two T-cell subsets (CD4 z CD45RA z subsets remained constant compared to the percentages found in the same subsets of cells exposed to the static magnetic field in either the sample stimulated with PHA or the sample cultured in RPMI 1640 medium as the control (data not shown).
In conclusion, we observed that there was a significant difference in the percentage of IFN-c z CD4
z CD45RA 2 T cells at 24 h in exposed cells compared to sham-exposed cells stimulated with PHA. Additional experiments are required to explain the enhanced effect of PHA in exposed cells.
Proliferation in CD4
z T-Cell Subsets
Upon mitogenic stimulation after the exposure to the 0.5 mT 50 Hz magnetic field and static magnetic field, the proliferation of CD4 z
CD45RA
2 and CD4 z CD45RA z T cells was also investigated by FACS analysis using the antiKi67 antibody.
The Ki67 protein is accumulated from G 1 phase to mitosis, where it reaches the highest levels (48 h after PHA stimulation). Cell proliferation was evaluated as the stimulation index and was expressed as the median percentage of cells expressing this protein.
The percentages of Ki67 z CD4 z CD45RA z and CD4 z CD45RA 2 T cells in exposed samples and samples sham-exposed to the 50 Hz magnetic field or static magnetic field after 48 h of cell culture are shown in Table 3 .
The results of the FACS analysis demonstrated that the stimulation index of exposed Ki67
T cells compared to sham-exposed cells regardless of the magnetic field applied. No significant differences in proliferation were observed in CD4 z CD45RA z T cells stimulated with PHA after exposure to the 0.5 mT 50 Hz ELF and static magnetic field (Table 3) . 
